Purpose. We aimed to evaluate a PCR-based technique for the diagnosis of mucormycosis and the identification of fungi from fresh tissue specimens in patients with rhino-orbito-cerebral-mucormycosis (ROCM).
INTRODUCTION
The rise in the number of mucormycosis cases in uncontrolled diabetics in India is alarming and the patients usually present with rhino-orbito-cerebral tissue involvement [1] [2] [3] . Aspergillus species also seize the opportunity of causing rhino-orbito-cerebral infections in the same risk groups [4, 5] . The distinction of the causative agent is important, as management varies between invasive aspergillosis and mucormycosis [6] . Identification of the agent causing mucormycosis is also important, as many studies have revealed the variation of the in vitro susceptibility pattern among species under Mucorales [7, 8] . Although sample collection from rhino-orbito-cerebral infections is not difficult, the isolation rate of the agents never exceeds 50 % due to the fragile nature of the aseptate hyphae [9, 10] . Direct microscopy or histopathological section can generally distinguish the aseptate hyphae of Mucorales from the septate hyphae of Aspergillus species [6, 10, 11] . However, the distinction may occasionally be difficult when only short segments are visible, without the typical ribbon-like aseptate hyphae. In addition, concomitant infection due to Aspergillus and Mucorales can occur, which may further complicate differentiation [12, 13] .
Few studies have attempted the molecular identification of fungal causative agents in fresh and formalinized tissue specimens [14] [15] [16] . The sensitivity of detection in formalinized tissue is generally lower, due to denaturation of the DNA. The present study was conducted to evaluate a PCRbased technique for the diagnosis of mucormycosis and the identification of fungi in fresh tissue specimens in a large number of patients.
METHODS

Patient population
A total of 50 cases of rhino-orbito-cerebral mucormycosis (ROCM) attending the Postgraduate Institute of Medical Education and Research (PGIMER), Chandigarh whose tissue specimens showed broad aseptate hyphae on direct microscopic examination by KOH-calcofluor mount were included in the study. Informed consent and a detailed clinical history were collected from each patient. The study protocol was cleared by the institute ethics committee.
Clinical specimens and conventional diagnosis
Tissue samples, such as nasal/sinus tissue biopsies and biopsies from palatal ulcers, were collected and subjected to conventional (microscopy and culture) and molecular diagnostic techniques. The tissue samples were inoculated on two sets of Sabouraud's dextrose agar (SDA) slants and incubated at 25 and 37
C. Cultures were identified by their macroscopic and microscopic morphological character and through PCR DNA sequencing of the ITS region of rDNA. In addition, 37 of 50 samples were also examined by histopathology using hematoxylin and eosin (H and E), periodic acid-Schiff (PAS) or Gomori's methenamine silver (GMS) stain.
Molecular diagnosis
The genomic DNA extraction from the fresh tissue samples was performed using phenol-chloroform-isoamyl extraction after tissue digestion with proteinase K and lysis buffer (100 mM Tris HCl (pH 8.5), 0.5M EDTA, 10 % SDS and 5M NaCl) [17] . Two regions of the fungi were targeted for amplification. The 18S region of rDNA was amplified using semi-nested PCR with the Mucorales-specific primers ZM1 (5¢-ATTACCATGAGCAAATCAGA-3¢), ZM2 (5¢-TCCG TCAATTCCTTTAAGTTTC-3¢) and ZM3 (5¢-CAA TCCAAGAATTTCACCTCTAG-3¢), as described by Bailek et al. [14] , while the ITS2 was amplified using the panfungal primers ITS3 and ITS4 [18] . Amplification of the actin gene and Tris EDTA (TE) buffer without template DNA acted as positive and negative controls, respectively. The amplicons were subjected to gel electrophoresis. The bands were excised and purified using a gel extraction kit (Qiagen, Hilden, Germany). The amplicons were sequenced using the BigDye terminator cycle sequencing ready reaction kit (version 3.1; Applied Biosystems, Foster City, CA, USA). The reaction products were analysed on an ABI Prism 3100 automated DNA analyser. Consensus sequences were obtained using Bionumerics software (version7.5; AppliedMaths, Ghent, Belgium). The sequences were compared with the GenBank/International Society for Human and Animal Mycology (ISHAM) Barcode and Centraalbureau voor Schimmelcultures (CBS) databases to identify the agents.
Standardization of PCR-RFLP
The PCR-RFLP for the 18S region was designed to identify these amplicons directly without sequencing. Amplicons from standard strains of Rhizopus arrhizus (The CBS, Utrecht, The Netherlands; CBS_131512), Apophysomyces elegans (CBS_477.48), A. variabilis (CBS_658.93), A. ossiformis (CBS_125533), A. trapeziformis (CBS_125534), Cunninghamella bertholletiae (CBS_18SS9.84), Rhizomucor pusillus (CBS_120588), Rhizopus microsporus (NCCPF_710112), Rhizopus homothallicus (NCCPF_710110), Mucor indicus (CBS_226.29), Syncephalastrum racemosum (CBS_199.81) and Lichtheimia corymbifera (NCCPF_700021) were used as controls. The amplification of the 18S region was performed with ZM1 and ZM3 primers as described above. Software from the Clone Manager suite was used to identify the restriction sites in the sequence. Four restriction enzymes (BsrD I, Afl II, Eco 0109I and Hae II) were shortlisted to differentiate medically important species under Mucorales. The enzymatic digestion of the 18S region amplicons of the control strains was carried out using these four enzymes. (New England Bio labs, Ipswich, USA). The digested fragments were separated by electrophoresis on a 3 % agarose gel along with molecular size markers. The bands were photographed and analysed with the Alpha Imager HP Gel Documentation system (Protein simple, Santa Clara, CA, USA).
Evaluation of clinical specimen by PCR-RFLP
For PCR-RFLP, the 18S region of rDNA were amplified with Mucorales-specific primers (ZM1 and ZM3). The restriction-digested patterns of the amplified DNA with the above four restriction enzymes were compared with the band patterns of the standard strains of Mucorales.
Statistical analysis
The diagnostic tests, including microscopy, culture positivity, histopathology, panfungal ITS2 PCR sequencing and Mucorales-specific PCR sequencing, were compared for diagnostic efficacy. All of the results comparing the diagnostic performance of various tests are presented as per the STARD guidelines [19] . A P value 0.05 was taken as statistically significant. All of the statistical analysis was carried out using the Statistical Package for Social Sciences (SPSS, version 21.0).
RESULTS
Demographic and clinical details
The age of the patients ranged from 3 to 65 years (median age, 47.5 years) and 33 (66 %) were males. The majority (52 %) of the patients were in the age range 46 to 65 years. All of the patients with ROCM presented with acute onset of facial swelling. Other presentations included periorbital swelling (98 %), nasal obstruction with discharge (86 %) and blurring of vision (82 %). Uncontrolled diabetes mellitus was the risk factor in all patients except one; 41 % patients had diabetic ketoacidosis. Among the 41 patients with ocular involvement, 86 % had vision impairment, 78 % ophthalmoplegia, 76 % proptosis, 44 % impaired pupillary response and 1 patient had corneal opacity. Patients with intracranial extension (17 cases) had altered consciousness (82 %), facial palsy (76 %) and severe neurological impairment (35 %, GCS8).
Conventional diagnosis
Of the 50 direct microscopy positive samples of ROCM cases, the culture was positive in 24 (48 %) patients. The histopathology was positive in 94.5 % of the 37 specimens examined. For tissue samples, the turnaround time to establish the microscopic diagnosis by KOH-calcofluor mount was approximately 2 h. The mean (±SD) turnaround time was 96±150 h (range 72-144 h) for culture diagnosis and 72-96 h for histopathological examination. The isolates were identified as R. arrhizus (76 %), R. microsporus (16 %) and A. variabilis (8 %) ( Table 1) . Since only the smearpositive cases were included in the study, the true efficacy of microscopy could not be evaluated. The culture was positive in 48 % (95 % CI: 33.66-62.58) of cases and the histopathology was positive in 94.6 % (95 % CI: 81.81-99.34) of cases when considering direct microscopy-positive as the gold standard. Of the 50 specimens, 4 showed both septate and aseptate hyphae and the culture yielded mixed growth of A. flavus and R. arrhizus in two specimens, while growth was absent in the remaining two samples.
Molecular diagnosis
Of the two sites targeted, panfungal ITS2 PCR was positive in all cases, but species of Mucorales could be identified by sequencing in 27 (54 %) (95 % CI: 39.3-68.2) cases ( Table 1) . The identity of the remaining 23 aseptate hyphae positive samples was masked due to simultaneous amplification of the commensal/colonizing/dual-infected fungi, such as Candida spp (15 samples) and Aspergillus spp. (8 samples), in addition to Mucorales. Use of Mucorales-specific primers for semi-nested PCR and subsequent sequencing was able to identify Mucorales in all of the specimens (100 %) with a turnaround time of <48 h. The species identified by cultures were compared with the molecular tissue diagnosis performed for the ITS2 region and the Mucorales-specific 18S region to assess the efficacy of these molecular assays. Species identification of the culture by macroscopic and microscopic morphology and ITS sequencing was considered to be the gold standard. ITS2 PCR sequencing could not identify any of the three cases caused by A. variabilis.
PCR-RFLP
The Mucorales-specific primers ZM1 and ZM3 (the internal primers of the semi-nested PCR) of the 18S segment amplified 176-179 bp fragments. The amplified product size and the expected length of the restriction fragments obtained by digestion with different restriction enzymes are shown in Table 2 . Of the 50 patient tissue samples tested, the method was able to identify the causative agents accurately up to genus level in all 50 tissue samples. Samples from 47 cases yielded a band pattern resembling genus Rhizopus and the RFLP pattern of the remaining 3 cases matched with genus Apophysomyces.
DISCUSSION
The present study evaluated a PCR-based technique for diagnosis of ROCM. Mucorales could only be isolated from 48 % of the microscopy-positive ROCM cases . ITS2 amplification and sequencing was able to identify Mucorales in 54 % of cases, whereas nested PCR and sequencing targeting 18S rDNA were able to identify the fungi in all 50 cases evaluated in the present study. PCR-RFLP using four restriction enzymes was able to identify the Mucorales to the genus level in all cases.
Mucorales and Aspergillus species are common agents affecting nasal sinuses and may have similar clinical presentation. The identification of the causative agent is important in these cases for optimal antifungal therapy. However, the isolation of the fungi failed in the majority of the cases studied. Earlier studies from our centre reported an isolation rate for Mucorales of 60-68 % from clinical samples of RCOM cases [3, 20, 21] . The low isolation rate in mucormycosis may be attributed to the delicate nature of the aseptate hyphae of Mucorales, which can easily be damaged during tissue processing [10] . R. arrhizus is the predominant agent causing mucormycosis in the majority of studies [2] [3] [4] . In the present study, R. arrhizus was also isolated in 75 % of culture-positive cases, confirming these earlier observations [3, 20, 21] . A. variabilis, a fungus commonly isolated from cutaneous mucormycosis in India, was isolated from three rhino-orbito-cerebral cases [2, 22] . This fungus cannot easily produce spores in nature and is generally implicated in cutaneous infections due to direct implantation. However, the fungus was also isolated from nasal sinuses in our earlier studies [20] . The mode of acquisition of this fungus in nasal sinuses is not clear, as it does not produce spores in the air.
In the present study, histopathology was able to demonstrate fungus in 94.5 % of the 37 tissue samples studied. There was no confusion in the identification of typical ribbon-like broad aseptate hyphae from these cases, although histopathologists face difficulties in establishing identification when this fungus is scanty in tissue and only small fungal fragments are visible. To overcome the low sensitivity, difficulties in identification and long turnaround time of conventional diagnosis, molecular techniques are being explored in multiple studies [14] [15] [16] .
In the molecular diagnosis of fungal infection, selection of a target is an important issue. Amplification of the ITS region using panfungal primers followed by sequencing is considered to be a barcode for fungal identification [23, 24] . Amplification by the panfungal primers ITS1 and ITS4 led to large 400-600 bp amplicons from the tissue samples [25] . In formalin-fixed tissue, this technique may fail, as the DNA may be degraded in formalin and it will be difficult to obtain such large intact segments [25, 26] . The panfungal ITS3 and ITS4 primers amplify shorter (300-400 bp) fragments of the ITS2 region. We used fresh tissue in the present study and attempted to amplify shorter ITS2 fragments for the evaluation of molecular diagnosis [25] . This technique only identified 54 % cases and failed in the other 46 % cases, possibly due to concurrent colonization or dual infection by Candida and Aspergillus. This observation is not unusual in tissues collected from non-sterile sites like nasal sinuses, emphasizing the need to use Mucorales-specific primers for amplification. In cases of co-infection, we may require both PCR assays to distinguish and identify the fungi accurately; ITS2 PCR would be able to identify Aspergillus, while Mucorales-specific PCR would identify the Mucorales. This emphasizes the utility of Mucorales-specific PCR in identifying Mucorales in co-infection cases [12, 13] .
In the present study, amplification of the 18S region by Mucorales-specific primers in a nested PCR technique and sequencing helped in the identification of Mucorales in all of the tissue samples tested. A similar finding was observed in a study of fresh tissues from six cases where the culture positivity was 33 % [16] . Lass Florl et al. also reported similar observations when the culture positivity rate was 62 % [27] . When the same technique was used in paraffinembedded tissue, Mucorales could be identified in 61-81.5 % of histologically proven tissue [14, 15] . In a recent study, the sensitivity of the PCR assay was evaluated in both biopsy and serum samples of 28 mucormycosis cases. Although amplification of Mucorales DNA was not possible in serum samples, it was possible to identify Mucorales in 86 % of fresh biopsy samples [28] . All of these studies are listed in Table 3 . These studies reported better sensitivity with fresh tissue compared to formalin-fixed tissue, and our study supports the recommendations of the European Society for Clinical Microbiology and Infectious Diseases (ESC-MID) and the European Confederation of Medical Mycology (ECMM) guidelines for the diagnosis of mucormycosis in fresh tissue material for molecular diagnosis [9] .
Of the aetiological agents compared in the present study, the sensitivity for isolation of R. arrhizus and R. homothallicus in culture was low, indicating the possibility that these species are damaged more easily during tissue processing. Molecular diagnosis by Mucorales-specific primers and sequencing had a low turnaround time (<48 h) compared to culture (96±15 h, 72-144 h range) and histopathology (72-96 h). This finding is important for early optimal therapy. However, direct microscopy of KOH-calcoflour wet mount has the shortest turnaround time (<1 h).
As sequencing facility is not available in the majority of diagnostic laboratories, we evaluated the PCR-RFLP technique for identification of Mucorales using the 18S PCR product and four restriction enzymes. The procedure was able to differentiate Mucorales to the genus level, but it was unable to differentiate all species under each genus. The amplicon associated with Rhizopus species is not cleaved by any of the restriction enzymes used in the study, and so the technique was not able to discriminate Rhizopus species.
Further, a limitation of this study was the fact that we did not include all of the species under Mucorales that cause human infection in the PCR-RFLP study. The Mucorales prevalent in our geographical location were taken as positive controls to evaluate the RFLP technique. A similar PCR-RFLP technique targeting the 18S region was designed by Machouart et al., and this enabled species-level identification, but only two clinical specimens were evaluated in that study [29] . Evaluation of a large number of samples with the optimization of protocols may establish the ideal method for PCR-RFLP to identify the species under Mucorales. The lack of a control group is the major limitation of our study, as obtaining matching controls was difficult during the short study period.
Conclusion
Early diagnosis is key in the management of mucormycosis. Direct microscopy with KOH-calcofluor staining is the most rapid method for diagnosis of the disease, although this can occasionally be difficult because of the absence of a typical morphological form of the hyphae. The culture technique fails to isolate and identify the species in a considerable number of cases. The molecular technique may overcome this deficiency with reasonable speed. Mucoralesspecific semi-nested PCR targeting the 18S region is a better technique than ITS2 PCR for the identification of Mucorales. PCR-RFLP is a novel technique for diagnosis and identification to genus level when a sequencing facility is not available.
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